Abstract: This paper presents theoretical analysis and empirical evaluation of noise factor of active-tile two-dimensional communication (2DC) system. 2DC uses a thin waveguide sheet for microwave propagation along the sheet. For implementing a room-scale 2DC, an active tile, which compensates signal loss with an active circuit and enables signal propagation across a number of sheets, has been proposed in our previous work. Although the signal strength is kept constant across the tiles, signal-to-noise ratio (SNR) decreases due to the noise factor of amplifiers. It determines the maximum number of 2DC tiles connected in series while providing a required SNR. The paper shows SNR formulation using the noise factor of each active tile and the number of tiles in a series connection. Based on it, the maximum number of tiles connected in series with a required overall SNR is determined.
Introduction
Two-dimensional communication (2DC) is realized with a thin waveguide sheet and proximity couplers [1] . The waveguide sheet guides microwave along itself and generates evanescent field around its surface. Transceivers laid on the sheet can transmit/receive microwaves into/from the sheet via proximity couplers without electrical contact. 2DC can provide less interfering and more secure wireless communication means.
In our previous work, we developed a room-scale 2DC environment using active tiles [2] . The 2DC tile concept is shown in Fig. 1 . A 2DC tile consists of a 2DC sheet and a base layer. The 2DC sheet is a wireless interface to transceivers on the tile. The base layer includes active circuits and contactless inter-tile couplers to connect with neighbor tiles. Contactless inter-tile couplers enable 2DC tiles to connect without electric contact [3] . The 2DC sheet and the base layer circuit are connected by a base-to-sheet coupler. The size of the 2DC tile is 500 mm square. Amplifiers embedded in the base layer compensate signal loss and provide constant signal strength on every tile.
The uniformity in signal strength provided by active-tile 2DC enables transferring extremely low power radio signals such as ultra-wideband (UWB) radio signals below −41.3 dBm/MHz [4] . Active-tile 2DC will provide a longer signal transfer range than aerial radio communication systems, in which the signal strength decays by the inverse-square law.
As described above, every tile can provide constant signal strength. On the other hand, the noise power is increased by amplifiers and signal-to-noise ratio (SNR) decreases. Thus, the maximum number of 2DC tiles connected in series without fatal SNR degradation is limited by the noise factor of the amplifiers. In this paper, we present the analytical model of overall noise factor of the broadcasting line in active-tile 2DC. The model will be validated through evaluation of noise factor of actual 2DC tile circuit, and the scalability of active-tile 2DC will be shown. The prototype circuit overview is shown in section 2. The theoretical model of the noise factor and evaluation experiments are presented in section 3 and 4. The paper concludes in section 5.
Active-tile 2DC circuit
The active-tile 2DC circuit composed of 10 tiles is shown in Fig. 2 . Two separate transmission lines enable bidirectional signal transmission in the base layer. One is a broadcasting line (BL). The other is a receiving line (RL). An access point (AP) is connected to both of the BL and the RL at one end of the tile chain and the opposite end is terminated. Transceivers on tiles communicate with another transceiver via the AP and 2DC tiles. The RL receives signals from a transmitter on a 2DC sheet and transfers them toward the AP. The AP transmits signals to every tile via the BL. Separated frequency bands are assigned to the BL and the RL. For example, in a prototype [2], 7-GHz and 8-GHz bands were used in the BL and the RL, respectively. Bandpass filters (BPFs) are used for rejecting unwanted frequency signals in each line. The gain of the paths, from the AP to each of tiles 1; 2; . . . ; 10, including amplifiers, attenuators and BPFs, are adjusted to 1 for uniform signal strength on every tile. To cover up a floor surface with 2DC tiles, they are arranged in a planar form. Although the physical arrangement is planar, the topology of the internal circuit connection is linear, such as meander-line connection and parallel-line connection [5] . Even in planar arrangement of 2DC tiles, the topology of internal circuit connection is one-dimensional, and thus the signal transmission manner is the same as one-dimensionally arranged tiles presented in this paper. 
Theoretical model
An amplifier not only amplifies the noise included in the input by its gain, but also outputs additional noise generated by itself. The additional noise is expressed with a noise factor f defined as follows [6] ,
where S 0 and N 0 are the signal power and the thermal noise power at the input port, and S and N are the signal and the noise powers at the output port, respectively. In case of two circuit components are connected, the noise power at the output port of the component 1 N 1 is calculated as follows by the equation (1),
where g 1 is the gain of component 1. The noise power at the output port of component 2 N 12 is expressed as follows,
where f 12 is the noise factor through the component 1 and the component 2, and g 2 is the gain of the component 2. As N 12 is the sum of the noise power N 1 amplified by the component 2 and the noise power generated by the component 2, N 12 is expressed as follows,
N 12 is rewritten by the equation (3) and the equation (4) as follows,
Similarly, the noise factor connected n circuit component are calculated as follows,
The 2DC tile consists of amplifiers, dividers, BPFs and attenuators. The noise factor per one tile is calculated with their circuit components by equation (6) . In the 2DC tile circuit shown in Fig. 2 , the noise factor of the signal transmission path from the AP to the nth tile, F total , is expressed as follows,
where F k and G k (k ¼ 1; 2; . . . ; n) are the noise factor and the gain of the kth tile, respectively. Assuming that every 2DC tile is identical, where the noise factor is F and the gain G is 1, the equation (7) is rewritten as follows,
Thus, the noise factor increases linearly with the number of 2DC tiles connected in a row. The number of 2DC tiles to cover the floor surface is proportional to the area of the floor, i.e., the square of the scale. As described in Section 2, the internal circuits in 2DC tiles are connected in one dimensional form. Therefore, the noise factor increases linearly with the area of the floor, i.e., the square of the room-scale.
Experiment
The noise was measured in the BL of the prototype circuit by a spectrum analyzer (SA) and the noise factor was calculated by the Y-factor method. A noise source, Keysight Technologies 346B, was connected to port 0 shown in Fig. 2 . The noise from the noise source was measured at each port of tiles. The noise was measured at 461 points in the 100 MHz span between 7.4-7.5 GHz, and they were averaged. The 2-way equal power divider/combiner used in the prototype circuit was Mini-Circuits ZX10-2-98+. The amplifier used in the circuit was Avago Technologies VMMK-3803. The insertion loss of BPFs in the pass band was 2.4 dB.
The measured result is shown in Fig. 3 . Blue dots show the measurement results and the blue line shows the theoretical model (8) fitted to the measurement results.
By the least squares fitting, we obtained F ¼ 2:04 as the noise factor per one tile. Substituting this value into (8), if n ¼ 100 tiles are connected, the noise power will be 105 times (approximately 20.2 dB) greater than the original thermal noise power at port 0.
Using gains/losses and noise factors of the above mentioned components, noise factor per one tile was calculated as F ¼ 2:46 by equation (6) . Thus, the calculated value and the measurement result reasonably agreed, and the theoretical model (3) was validated.
The 2DC tile system can achieve a significantly large communication range with extremely low power radio signals, as explained as follows. For instance, comparing −14 dBm/MHz of thermal noise at 290 K with UWB signals limited to −41.3 dBm/MHz, signal-to-noise ratio (SNR) is approximately 73 dB. In the use of 2DC tiles, SNR can maintain more than 30 dB even if 10,000 tiles are connected.
Conclusion
In this paper, we clarified that the maximum communication range of active-tile 2DC system is determined by the SNR degradation due to the noise factor of amplifiers embedded in each tile. The overall noise factor of the BL was evaluated from the first to the tenth tile in a 10-tile 2DC system. The measured result showed reasonable agreement with the theoretical model. For UWB radios with −41.3 dBm/MHz transmission power, SNR can maintain more than 30 dB even if 10,000 tiles are connected. With 10,000 tiles, 50 m Â 50 m floor can be covered, assuming the tiles of 500 mm square each. We conclude that this is sufficient for a room-scale communication environment.
